We investigated the electrical transport of electroformed titanium dioxide memristive switches from liquid helium to room temperatures in order to better understand their internal states. After electroforming, we observed a continuous transition between two distinct limiting behaviors: a nearly Ohmic "ON"-state and an "OFF"-state characterized by conduction through a barrier. We interpret our data in terms of a model in which the electroforming step creates a conducting channel that does not completely bridge the metal contacts on the titanium dioxide film. The switching then occurs as a result of voltage-induced changes in the oxygen vacancy concentration in the gap between the tip of the channel and the adjacent metal contact. We used the metallic resistivity of the conduction channel as an in situ thermometer to measure the local device temperature, thus revealing an important implicit state variable.
I. INTRODUCTION
Voltage-polarity dependent resistive switching has been observed and reported by numerous researchers since Hickmott in 1964. [1] [2] [3] Recently, we identified such bipolar switches as a type of memristor, 4 or more properly a memristive device, 5 and provided a minimal physical model for their dynamical behavior. 6, 7 This identification provides the mathematical foundation for incorporating these bipolar switches into electronic circuit designs. 4, 5, 8 The defining equations for a memristive device are the following. where v is the voltage and Eq. ͑1͒ defines the generalized resistance R of the device as a function of the current i ͓thus, the current-voltage ͑i-v͒ relation is explicitly nonlinear, and it must obey the restriction that v = 0 when i = 0 and vice versa; pure memristive devices do not store energy͔ and one or more continuous state variables represented by w, which are defined by the dynamical relation Eq. ͑2͒. The property of state is critical to understand the nature and uniqueness of bipolar switches as two-terminal dynamical devices. We thus investigated the quasistatic transport properties ͓e.g. Eq. ͑1͔͒ of a set of titanium dioxide bipolar switches in order to provide a physical picture of the various states of these memristive devices. This test-bed material can exhibit either bipolar or unipolar switching 2, 9 over a wide range of current and thus electrical power. Unipolar switching requires only a single voltage polarity to toggle a device into its ON or OFF resistance state. 10, 11 Joule heating has been implicated in the mechanism of unipolar switching, 3 and this has been confirmed experimentally. 12, 13 In contrast, bipolar switching requires opposite polarity voltages to switch between ON and OFF resistance states. In such devices, it has not been clear if resistance switching is assisted by Joule heating, in particular because bipolar switching typically requires smaller currents. 14, 15 The local temperature increase during switching may be influential in determining the dynamical characteristics of a device. For example, one of the most challenging figures of merit for a memory or storage device is the relationship between switching speed and state retention time at the operating temperature. 16, 17 For a storage application, one may desire gigahertz switching operation and Ͼ10 years retention time. 3, 10, 11, 16 For a device in which the switching mechanism depends upon the drift of charged dopant species, 17 this large dynamic range has been shown theoretically to be possible for systems in which the usual linear relation between dopant drift velocity and internal electric field breaks down at high fields and/or there is internal heating caused by electrical current flow. Thus, identification of self-heating and a means to determine the temperature, which then becomes a state variable for the system, is important. Our primary characterization technique in the study reported here was temperature-dependent transport measurements of thin film memristive switches that had been prepared in a variety of states, from the virgin or preelectroformed condition all the way to a dead short. 18 We observed the signature of specific electron transport regimes, including a transition from metallic to electron barrier tunneling at zero bias, which allowed us to infer the electronic microstructure of the device. Additionally, we used the metallic resistance as an in situ thermometer, which enabled us to measure the internal device temperature as a function of current for various quasistatic states and determine a simple physical model for the relationship. 
II. EXPERIMENTAL DETAILS
A typical device examined in this work is shown in the inset of Fig. 1 . On an oxidized silicon wafer, a Ti adhesion layer ͑5 nm͒ and the bottom Pt electrode ͑15 nm͒ were electron-beam evaporated through a shadow mask. Then, the titanium dioxide layer ͑35 nm͒ was sputtered in 3 mtorr Ar from a rutile polycrystalline target over the entire substrate, held at 250°C. Previous studies showed that the asdeposited film was amorphous with an oxygen to titanium ratio close to 2.0. 7 Finally, the top Pt electrode ͑15 nm͒ was evaporated directly onto the titanium dioxide through the shadow mask oriented at a right angle to the bottom electrode. The top and bottom electrode widths were ϳ10 m in order to yield a measurable electronic current at low temperatures for some of the device states that were studied. We recognize that the quantitative details will change for smaller device dimensions, but we wanted to obtain a consistent picture of the wide range of properties that are observable from a single device structure. The electrical measurements were performed using an Agilent 4156 semiconductor parameter analyzer and the four-wire method to eliminate the resistance of the leads, with the bottom electrode grounded ͑illustrated in the inset in Fig. 1͒ . In this paper, the applied voltage is called the external voltage, and the voltage drop across the vertical junction determined from four-wire measurements is called the internal voltage, which is used in the plots of results in Figs. 2 and 3. The samples were wire bonded and mounted in the helium flow of a cryostat ͑Oxford VTI51/30͒. The data presented in Figs. 1-3 were collected from three different devices, but the behavior of all the samples was consistent.
The current-voltage ͑i-v͒ characteristics for device electroforming and switching in ambient conditions are shown in Fig. 1 . A device was electroformed by sweeping the external voltage to ϳ−7 V, shown as the gray trace in Fig. 1 , which irreversibly transformed the device from its as-fabricated low-bias resistance ͑ϳ10
8 ⍀͒ to a significantly less resistive regime. After the electroforming procedure, each device was cycled reversibly and continuously between a higher resistance ͑ϳ10
5 ⍀͒, which we defined as the OFF state, and a lower resistance ͑ϳ100 ⍀͒, defined as the ON state, several times by the application of positive and negative voltages, respectively. 7 Since the resistance switching is continuous, the choice of OFF and ON states is actually a matter of convenience. We chose two states with very different transport properties that could be reproducibly accessed by the simple application of an appropriate voltage ͑+9 V external, +2 V internal for OFF and −4 V external, −2 V internal for ON͒. Current-voltage measurements to characterize the quasistatic states of the devices were performed at internal voltage magnitudes less than 1 V, which were too small to induce perceptible changes, with the OFF-like states probed at positive bias and the ON-like states at negative bias to minimize inadvertent switching. The application of a large negative voltage would drive the device resistance to a value of ϳ10 ⍀, which we termed a shorted state since such a device could not be reset to a higher resistance value. ͑b͒ Same data as ͑a͒ plotted on a log-log scale and compared with measurements from the virgin state. ͑c͒ At zero bias ͑0-50 mV͒, the temperature dependence of the conductance is metallic for the ON states and insulating in the OFF states. ͑d͒ The differential resistance ͑dv / di͒ is state dependant at low current and invariant ͑R ϳ 23 ⍀͒ at large current. ͑e͒ The temperature dependence of the highcurrent resistance R is metallic ͑the dashed line shows a temperature coefficient ␣ = 1.5ϫ 10 −3 / K͒.
III. RESULTS

A. Electrical transport
cal for bulk transport in amorphous or nanocrystalline insulators, where the disorder dominates over the band structure. 19, 20 In particular, the power-law behavior ͑i ϳ v ␣ with ␣ ϳ 5͒ at large bias is frequently reported for varistors. 21 Even though this power law is consistent with bulk-limited conduction and the device fabrication would appear to produce symmetric metal contacts, the i-v characteristics were significantly rectifying. 22 This behavior has previously been shown to result from the fact that some Ti from the adhesion layer diffuses through the bottom Pt electrode to form a lower-barrier contact by inducing oxygen vacancies in the titanium dioxide, while the top contact is Schottky-like. 7 After the device has been electroformed, the temperature dependence of the conduction is dramatically weaker, as seen in Fig. 2͑a͒ . The electronic transport is fundamentally different, which is expected since electroforming is a traumatic experience that results in the formation of ͑usually͒ a single dominant nanoscale conducting channel, even on a large area device. [23] [24] [25] [26] [27] [28] Here, we use our transport results to refine this general picture. The temperature dependence of the low-bias resistance of several states is displayed in Fig. 2͑c͒ . Close to the OFF state, the net device resistance increased moderately as temperature decreased. This weak thermal activation and the nonlinear i-v characteristics are signatures of some form of electron tunneling through a thin insulator. 29, 30 Close to the ON state, the temperature dependence of the resistance was initially metallic, decreasing with decreasing temperature with a relative temperature coefficient ␣ = 1.5ϫ 10 −3 / K ͑ Ϯ 0.1ϫ 10 −3 ͒, and then saturating at about 40 K. This ␣ value falls in the range of a typical metal or degenerate semiconductor.
The electronic transport at large bias reveals some surprising behavior ͓Figs. 2͑a͒ and 2͑b͔͒. The i-v curve of the OFF-state becomes linear at large bias with a slope comparable to the intermediate state. Additionally, close to the OFF state, the current is weakly thermally activated ͑insulating͒ at low bias but thermally inhibited ͑metallic͒ above a crossover at about 3 mA. The linear behavior at large bias can also be seen in the switching curve in Fig. 1 . We approximate the nonlinear transport by a simple exponential relation i͑v͒ = i 0 ͑e v/v 0 −1͒, where i 0 and v 0 are two state-dependent parameters, and we assume that R S is a series resistance. If we now consider the differential resistance of the two elements in series, we find dv / di = R S + ͑v 0 / i 0 ͒ / ͑i / i 0 +1͒. For large currents, dv / di is constant and equal to the series resistance, and at low currents it is dominated by the nonlinear element. The differential resistance versus current plots for four different states are displayed in Fig. 2͑d͒ , and we see that all display varying amounts of nonlinear component at low bias and then reach a minimum value in the range R S ϳ 23 ⍀ for this particular device. Plots of the high bias differential resistance versus temperature for all of the states reveal that this R S has a metallic temperature coefficient ␣ of ϳ1.5ϫ 10 −3 / K, essentially the same as the coefficient measured for the ONstate low-bias resistance.
B. Local heating estimation method
The pictures of the states are almost complete, but in fact there is a so-far hidden quasistatic state variable that our measurements enable us to uncover. The high-bias deviation of the i-v characteristics of all the states from Ohmic behavior, which is an indication of Joule heating in the metallic components of the devices, can be used as a thermometer to measure the internal temperature. Direct evidence for Joule heating was provided by a roughly ϳ2 degrees rise in temperature of the thermometer mounted on the crystal sample holder. This procedure is first illustrated by using a device that had been exercised by switching ON and OFF several times, and was then shorted by applying a large negative bias to create an irreversible and very low resistance state. The plots in Fig. 3͑a͒ ͑v versus i in this case͒ are consistent with a simple thermal model. The resistance of the metallic component is described by R͑T local ͒ = R 300 K ͓1+␣͑T local − 300 K͔͒, where as before ␣ is the temperature coefficient, R 300 K is the zero bias electrical resistance at 300 K and T local is the internal temperature of the component. The difference between the ambient ͑T amb ͒ and the internal temperatures is determined by a net thermal resistance: T local = T amb + R th P, where P is the dissipated electrical power. 31, 32 Hence, the i-v measured at T amb is described by
For the shorted device, the 300 K electrical resistance is R 300 K,shorted =12 ⍀. Using this measured value and the known value of ␣, a single parameter fit of the T =38 K i-v . 3 . ͑Color online͒ ͑a͒ A shorted junction-a large negative bias switched the junction to a R 0 V =12 ⍀ irreversible state-has a metallic behavior that deviates from ohms law. The solid lines show a fit to and calculations from the self-heating mode described in the text. ͑b͒ A reversible ON state ͑R 0 V =40 ⍀͒ also shows a deviation from ohms law that also be explained by self-heating. ͑c͒ For the OFF state, the differential resistance dv / di is plotted vs current in order to discriminate the temperature independent tunneling from the metallic temperature-dependent and selfheating regime at higher current. ͑d͒ Estimated effective or average local temperatures inside the devices for different states as a function of the current.
curve yielded a thermal resistance R th,shorted =21 K/ mW. Using the three parameters thus determined, we then calculated the i-v curves at 124 and 290 K, and the agreement with the experimental data shown in Fig. 3͑a͒ is convincing support for this model.
We then applied this approach to the ON state, where comparable effects were observed for currents between −6 and 6 mA. We measured the net electrical resistance R 300 K,ON =40 ⍀ at 300 K. Using the known ␣ value, we performed a fit to the i-v data at T = 54 K and found that the thermal resistance of the bridging channel was R th,ON = 210 K / mW. We then calculated the i-v curves at 133 and 233 K, and the results shown in Fig. 3͑b͒ support this ON state model.
The Joule-heating model was finally applied to the junction in the OFF state. However, the i-v shapes are dominated by the barrier transport at low bias, so we examined the differential resistance. Since the i-v characteristics are temperature independent in the nonlinear resistance regime ͑50 A Ͻ i Ͻ 1 mA͒, we described the barrier transport with the temperature invariant exponential and included selfheating effects in only the metallic component, obtaining the following expression:
͑4͒
The barrier transport parameters i 0 and v 0 were fitted at 54 K and low current ͓see extrapolated black dashed line in Fig.  3͑c͔͒ . The value of ␣ was the same as above, and the electrical resistance and thermal resistance of the OFF state metallic component were found to be R 300 K =16 ⍀ and R th,OFF =60 K/ mW by fitting the data to Eq. ͑4͒. The parameters thus determined were used to calculate the i-v curves at T = 140 and 260 K, and are compared with the experimental data in Fig. 3͑c͒ . We can now compute the effective internal temperature as a function of the measured current ͓Fig. 3͑d͔͒ for the states that have been analyzed. The internal heating is the square of the current times the product of the electrical and thermal resistances: T local = T amb + ͓͑R th R 300 K ͓1+␣͑T amb − 300 K͔͒i 2 ͒ / ͑1−␣R 300 K R th i 2 ͔͒. In the shorted state, the heating is lowest because of the combination of a low electrical resistance and thermal resistance.
IV. DISCUSSION AND SUMMARY
Schematic illustrations of the virgin, OFF and ON states of the electroformed devices are shown in Fig. 4 . With respect specifically to the measured electrical characteristics of the device shown in Fig. 3 , the electroforming step created a conducting channel with an electrical resistance of R S =16 ⍀, as determined from measurements of the series Ohmic resistance of the OFF state. A previous study of similar devices for which the top electrode was delaminated has indicated that a typical channel has a diameter of ϳ100 nm. 23 There is a gap of width w, which we estimate to be ϳ2 Ϯ 1 nm, between the top of the channel and the bottom of the metal contact that acted as a tunnel barrier in the OFF state. Thus, the conducting channel was approximately disk-shaped with a height of ϳ33 nm, implying an electrical resistivity of ϳ4 ϫ 10 −4 ⍀ cm, which is consistent with a conductive titanium oxide. The measured net resistance of the ON state of this device was 40 ⍀, which indicated that there was a nearly Ohmic bridge across the gap with an electrical resistance of R b Ϸ 24 ⍀ in series with the conducting channel. The thermal resistance of the OFF state, 60 K / mW, was dominated by heat conduction through the bottom of the conducting channel to the lower metal contact, whereas the thermal resistance of the ON state, 210 K / mW, was mainly due to the conducting bridge. The observation that the internal effective temperature was higher for the ON state device compared to the OFF state device for the same current was caused by the Joule heating in the Ohmic bridge R b for the former, whereas in the latter the electrons tunneled through the insulating gap and deposited their energy directly into the metal contact.
We thus see that the state of a titanium dioxide electroformed memristive switch can be tuned from metallic conduction to barrier transport, both in series with a metallic conducting channel. We identified temperature as an important hidden state variable in this system, and measured an effective or average internal temperature as a function of device current based on the steady-state deviation of the high bias resistance from Ohmic behavior. These insights may prove useful in the design of bipolar switching devices that require a very large ratio of state retention to switching times. 
